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Wnt signaling affects cell-fate specification processes throughout
embryonic development. Here we take advantage of the well-studied
gene regulatory networks (GRNs) that control pregastrular sea urchin
embryogenesis to reveal the gene regulatory functions of the entire
Wnt-signaling system. Five wnt genes, three frizzled genes, two se-
creted frizzled-related protein 1 genes, and two Dickkopf genes are
expressed in dynamic spatial patterns in the pregastrular embryo of
Strongylocentrotus purpuratus. We present a comprehensive analysis
of these genes in each embryonic domain. Total functions of the
Wnt-signaling system in regulatory gene expression throughout the
embryo were studied by use of the Porcupine inhibitor C59, which
interferes with zygotic Wnt ligand secretion. Morpholino-mediated
knockdown of each expressed Wnt ligand demonstrated that individ-
ual Wnt ligands are functionally distinct, despite their partially over-
lapping spatial expression. They target specific embryonic domains
and affect particular regulatory genes. The sum of the effects of block-
ing expression of individual wnt genes is shown to equal C59 effects.
Remarkably, zygotic Wnt-signaling inputs are required for only three
general aspects of embryonic specification: the broad activation of
endodermal GRNs, the regional specification of the immediately adja-
cent stripe of ectoderm, and the restriction of the apical neurogenic
domain. All Wnt signaling in this pregastrular embryo is short range
(and/or autocrine). Furthermore, we show that the transcriptional driv-
ers of wnt genes execute important specification functions in the
embryonic domains targeted by the ligands, thus connecting
the expression and function of wnt genes by encoded cross-
regulatory interactions within the specific regional GRNs.
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The formation of spatial patterns of gene expression and thedevelopment of the body plan are controlled by gene regulatory
networks (GRNs). Signaling interactions have a particular role in
these networks, in that they provide the means of communication
between cell-fate specification processes operating in separate cel-
lular domains. The timing, location, and function of each signaling
interaction is determined by GRN linkages that control the ex-
pression of signaling ligands and receptors as well as the expression
of regulatory genes in response to a combination of signaling inputs
and cell fate-specific transcription factors. Cell-fate specification
GRNs active during pregastrular development of the sea urchin
Strongylocentrotus purpuratus are particularly well understood.
During the first 30 h of sea urchin embryogenesis, more than 15
gene-expression domains are formed, and specifically expressed
regulatory genes have been identified for each domain. In most
cases, the regulatory mechanisms determining their spatial ex-
pression patterns have been resolved. Thus, fairly complete
GRN models have been constructed for the majority of cell-fate
domains in the pregastrular stage embryo (1–6). The sea urchin
GRN models at this point incorporate more than 60 regulatory
genes and their interactions and cover almost the entire embryo.
The principle organization of mesodermal, endodermal, and
ectodermal cell-fate specification domains in sea urchin embryos
along the animal–vegetal axis is summarized in the diagram in
Fig. 1A. Cells located at the vegetal pole will become skeleto-
genic mesodermal cells. These cells are surrounded by the veg2
cell lineage. This lineage consists of veg2 mesodermal cells, lo-
cated adjacent to skeletogenic cells and giving rise to all other
mesodermal cell fates such as esophageal muscle cells, blasto-
coelar cells, and pigment cells, and of veg2 endoderm cells,
which will form the foregut and parts of the midgut. At a further
distance from the vegetal pole, but still within the vegetal half of
the embryo, is the veg1 lineage, consisting of veg1 endoderm,
located adjacent to veg2 endoderm and giving rise to the other
parts of the midgut and the hindgut, and of veg1 ectoderm, the
future perianal ectoderm. Finally, the animal half of the embryo
forms exclusively ectodermal cell fates, with apical neurogenic
cell fates being specified in cells at the animal pole.
The response to Wnt signaling is mediated by several alternative
intracellular signaling pathways. In the canonical Wnt-signaling
pathway, signaling-dependent gene expression is controlled by the
transcription factor Tcf/Lef, which forms a complex with the coac-
tivator β-catenin in cells that receive Wnt signaling but forms a
complex with the corepressor Groucho in the absence of Wnt sig-
naling (7). Transcriptional control by Tcf/Lef thus effects a Boolean
readout of gene expression, mediating activation or repression of
the same target genes in cells with or without Wnt signaling (8).Cis-
regulatory analyses including mutation of Tcf binding sites have
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demonstrated direct control by Tcf in the skeletogenic GRN of
S. purpuratus embryos, in which the regulatory gene directly re-
sponsive to Tcf, pmar1, operates at the top of the GRN hierarchy
(1, 9, 10). Furthermore, most, if not all, regulatory genes expressed
in early veg2 endoderm and/or veg1 endoderm cells of this embryo
are direct targets of Tcf (2, 11, 12). Transcriptional control by Tcf
not only is responsible for activation of endodermal genes in future
gut cells but also is used to exclude endodermal regulatory genes
from the mesoderm (3, 11, 13, 14). Furthermore, perturbation of
particular Wnt ligand gene expression has shown that two addi-
tional cell-fate specification GRNs are sensitive to Wnt signaling:
one operating in ectodermal cells located closest to the endoderm,
which responds to Wnt5 signaling (15), and one operating neuronal
specification, which is restricted to the apical domain by a mecha-
nism dependent on Wnt signaling (16).
However, understanding the particular functions of signaling
interactions requires not only knowledge of affected target genes
and cellular domains but also identification of the cells producing
the responsible signaling ligand. As in many other invertebrate
embryos, the analysis of zygotic Wnt-signaling functions in sea
urchin embryos has been complicated by the presence of ma-
ternally localized β-catenin at the vegetal pole (17). Here we
determined these zygotic Wnt-signaling functions on a global
scale by assessing the temporal and spatial expression of all
genomically encoded genes producing Wnt ligands, Frizzled (Fzd)
receptors, or potential Wnt-signaling antagonists during the
pregastrular development of S. purpuratus. We have summarized
these expression patterns abstractly to highlight the signal-
sending and signal-receiving capacity for each cell-fate domain.
We analyzed effects of interference with Wnt signaling on 172
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Fig. 1. Spatial expression of Wnt-signaling genes. (A) Schematic representation of early developmental stages of S. purpuratus embryos showing the spatial
arrangement of regulatory-state domains. SM, skeletogenic mesoderm; “veg1” and “veg2” denote cell lineages descended from the sixth cleavage ring of
eight sister cells, each giving rise to the parts of the embryo indicated in the diagrams; “veg2 mesoderm” is also known as “nonskeletogenic mesoderm”;
“animal ectoderm” and “veg1” ectoderm denote both oral and aboral ectodermal domains. (B) WMISH of significantly expressed wnt and frizzled genes at
selected time points (12 h, 18 h, and 24 h); additional time points for these genes and expression patterns of dkk and sfrp genes are shown in SI Appendix,
Figs. S2 and S3. (C) Expression matrix for each regulatory-state domain of the examined Wnt-signaling genes, indicating whether the gen is expressed (black/
gray) or not expressed (colored background) every 3 h from 12–24 h. Regulatory domains are marked by the color code used in A. Developmental stages
include 12 h (early blastula), 15 h (midblastula), 18 h (hatching blastula), and 24 h (mesenchyme blastula).
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specifically expressed regulatory genes, irrespective of the in-
tracellular signaling pathways that might mediate this function.
For a system-wide perturbation of Wnt signaling, we made use of
the C59 inhibitor of Porcupine, which interferes with the secretion
of Wnt ligands and thus with all Wnt-dependent processes. We
show that the only GRNs affected by C59 perturbation are the two
endodermal GRNs, the veg1 ectoderm GRN, and the apical
neurogenic GRN. For each GRN affected by C59-mediated in-
hibition of Wnt signaling, we identified the responsible Wnt
ligands using morpholino perturbations. Furthermore, by identi-
fying the upstream transcription factors activating wnt gene tran-
scription, we established functional linkages between the GRNs
regulated by Wnt signaling and the GRNs controlling Wnt ligand
expression. Our intent was to achieve a system-wide understanding
of the roles of Wnt signaling in this phase of development and for
this embryo and to generate a causal spatial regulatory analysis of
Wnt-signaling inputs into the regional embryonic GRNs.
Results
Spatial and Temporal Expression of wnt, fzd, Secreted Frizzled-
Related Protein 1, and Dickkopf Genes. The Wnt-signaling system
encoded in the genome of S. purpuratus includes 11 wnt ligand
genes and four fzd receptor genes (18). To identify wnt and fzd
genes expressed during pregastrular development (12–24 h), the
time courses of their expression levels were analyzed by quanti-
tative PCR (qPCR) (SI Appendix, Fig. S1). Five wnt genes (wnt1,
wnt4, wnt5, wnt8, and wnt16) are expressed in this embryo before
gastrulation; only one of them, wnt16, is transcribed maternally
(SI Appendix, Fig. S1 A and B). All other wnt genes are not
expressed at all until gastrulation, and even then their transcript
levels are very low (<100 transcripts per embryo). We cannot
confirm the observation of maternal wnt6 transcripts reported
earlier (19), and this conclusion is substantiated in our recent
transcriptome study (20). Of the four fzd genes, fzd1/2/7, fzd5/8,
and fzd9/10 were expressed at high levels (>1,000 transcripts)
before 30 h; fzd4 begins to be transcribed only just before gas-
trulation and was not considered further in this study (SI Ap-
pendix, Fig. S1C). Four genes encoding potential inhibitors of
Wnt signaling also were found to be expressed during early sea
urchin embryogenesis. These are genes dkk1 and dkk3 encoding
Dickkopf proteins and two genes encoding secreted Frizzled-
related protein (SFRP), sfrp1/5 and sfrp3/4 (SI Appendix, Fig. S1D).
The spatial expression patterns of all expressed wnt, fzd, dkk,
and sfrp genes during embryogenesis were analyzed at 3-h intervals
between 12 and 24 h. Results for wnt and fzd genes at 12, 18, and
24 h postfertilization are shown in Fig. 1B, and the complete dataset
is presented in SI Appendix, Figs. S2 and S3. Similar results have
been established in the embryos of a related species of sea urchin,
Paracentrotus lividus (21). Because this study focuses on identifying
the function of Wnt signaling in the interaction between different
cell-fate specification processes, we have represented individual
gene-expression patterns abstractly according to their embryonic
expression domain (Fig. 1C). In the following we summarize
the expression patterns of genes encoding ligands, receptors,
and potential antagonists of the Wnt-signaling system by
embryonic regulatory-state domain (compare with Fig. 1A).
Skeletogenic mesodermal cells are the precursors of cells
producing the larval skeleton and are located at the vegetal pole
before they start to ingress into the blastocoel at 21 h. These cells
inherit high levels of maternal nuclear β-catenin and initially
express wnt1, wnt8, and wnt16 but do so only up to 15 h (Fig. 1 B
and C). No wnt gene is expressed in these cells thereafter. Thus,
after the degradation of maternal Fzd1/2/7 proteins, skeletogenic
mesoderm cells most likely are not responsive to Wnt signaling,
because no fzd transcripts are detectable in these cells.
Veg2 mesodermal cells give rise to all other (i.e., non-
skeletogenic) mesodermal cell types, including esophageal mus-
cle cells, blastocoelar immune cells, coelomic pouch cells, and
pigment cells. Veg2 mesodermal cells express wnt4, wnt5, and
wnt8 early in development at 12 and 15 h and transiently also
express wnt1 and wnt16 at 18 h (Fig. 1 B and C). However, after
18 h and up to the onset of gastrulation, mesodermal precursor
cells do not express wnt genes. Similarly, early expression of a fzd
gene, fzd9/10, terminates after 15 h, and only one fzd gene,
fzd5/8, is transcribed after 21 h in a subset of mesodermal cells
located in the oral portion of the veg2 mesoderm. This finding is
consistent with earlier results (22). No sfrp or dkk genes are
expressed in Veg2 mesodermal cells after 15 h. Thus, with the
exception of oral mesodermal cells, most mesodermal cells ex-
press neither wnt nor fzd genes from 18 h to gastrulation and are
not likely to send or receive Wnt signaling.
Veg2 endodermal cells are the precursors of anterior endoderm,
forming the foregut and the aboral midgut (3, 23). These cells de-
rive from the veg2 cell lineage, as do the mesodermal cells discussed
above. The common ancestor cells of the veg2 mesoderm and veg2
endoderm cells express wnt4, wnt5, and wnt8 genes as well as fzd9/10
at 12 and 15 h. Endodermal and mesodermal cell fates become
distinct in the veg2 lineage by 18 h, and after that veg2 endodermal
cells transiently express wnt1 and wnt16 at 21 h, but no wnt gene is
expressed in this domain by 24 h. Expression of fzd9/10 continues
until 18 h, but no receptor gene is expressed in the anterior endo-
derm domain after that time point. Furthermore, after 18 h, genes
encoding potential Wnt-signaling inhibitors, sfrp3/4 and dkk1, start
to be expressed in veg2 endodermal cells, suggesting that these cells
do not depend on Wnt-signaling inputs after this time.
Veg1 endoderm cells are the precursors of posterior endoderm,
eventually giving rise to the hindgut and the oral parts of the
midgut. In a pattern that almost reverses the pattern in anterior
endoderm precursors, the posterior endoderm domain expresses no
wnt genes before 18 h, but by 24 h all five wnt genes are expressed in
these cells. These cells also transcribe fzd9/10 at all time points
considered, but neither sfrp nor dkk genes are expressed after the
early ubiquitous expression of sfrp3/4. These results indicate that the
veg1 endoderm domain is capable of responding to Wnt signaling
through Fzd9/10 throughout pregastrular stages, but this domain
may also contribute to Wnt signaling after 18 h.
Like the precursors of the posterior gut, Veg1 ectodermal cells
derive from the veg1 lineage and ultimately give rise to ectodermal
cells surrounding the anus. From 18 h until the separation of
endodermal and ectodermal cell fates at 24 h, veg1 cells express
wnt4, wnt5, and wnt8, and these genes, as well as fzd9/10, continue
to be expressed in veg1 ectodermal cells at 24 h (Fig. 1 B and C).
However, unlike the veg1 endodermal cells, veg1 ectoderm
cells do not turn on expression of wnt1 and wnt16. Sfrp and dkk
genes are not expressed in the veg1 lineage at pregastrular stages
after 15 h. Thus, veg1 ectodermal and veg1 endodermal cells
have a similar potential both to send and receive Wnt signaling.
Animal ectodermal cells include cells of various regulatory-state
domains of the animal half, all of which give rise to ectodermal cell
types, the stomodeal structures, and neurons of the ciliated band
(24, 25). These cells express no wnt signaling gene and no sfrp or dkk
genes after 15 h. However, these cells express one fzd gene, fzd1/2/7,
first in all animal ectodermal cells and by 21 h exclusively in the oral
ectoderm. Thus, animal ectoderm cells are capable of responding to
Wnt signaling but do not themselves emit Wnt signals.
Apical plate cells are the precursors of neurogenic cells at the
animal pole. These cells transcribe no wnt genes but do specifi-
cally express fzd5/8 at all pregastrular stages. Furthermore, these
cells express sfrp1/5, dkk1, and dkk3 genes at all stages consid-
ered and also transiently express sfrp3/4. Based on these ex-
pression patterns, cells of the apical plate likely neither respond
to nor present Wnt signals.
System-Wide Perturbation of Wnt Signaling by a Porcupine Inhibitor.
To achieve a system-wide perturbation of Wnt signaling, we made
use of a recently reported small chemical inhibitor of Porcupine,
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a membrane-bound O-acyltransferase required for acylation of Wnt
proteins. Porcupine-mediated acylation of Wnts occurs at a con-
served serine residue and is necessary for the secretion of the Wnt
proteins that include this serine residue. Experimental perturbation
of Porcupine interferes with secretion of all Drosophila Wnts (ex-
cept for WntD, which lacks the target serine residue) and all mouse
and human Wnts (26–29). Small chemical inhibitors of Porcupine
recently have been proposed to be efficient agents that interfere
systemically with Wnt signaling in clinical applications; here we used
the Porcupine inhibitor C59 (30–32). To test the efficacy of C59 in
sea urchin embryos, we first assessed the phenotypes that develop in
the presence of various concentrations of C59. Embryos treated
with C59 showed no apparent defects in early development at
pregastrular stages, and the ingression of skeletogenic cells occurs
similarly as in control embryos. At the late gastrula stage, defects in
gastrulation, in the development of the tripartite gut, and in the
formation of skeletogenic spicules were detected in a dose-
dependent manner, but the specification of mesodermal pigment
cells was not affected (SI Appendix, Fig. S4A). Embryos were
exposed to C59 at different concentrations; expression levels of
the Tcf target genes foxa, hox11/13b, and eve were strongly re-
duced at 0.5 μM, but the expression of the mesodermal regula-
tory gene gcm remained unchanged (SI Appendix, Fig. S4B).
Similarly, when expression of Porcupine was blocked by mor-
pholino injection, embryos showed defects in gut development as
well as reduced expression of the endodermal regulatory genes
blimp1b, hox11/13b, and eve, but not gcm. All these results con-
firm both the specificity and the efficacy of C59-mediated
inhibition of Wnt signaling (SI Appendix, Fig. S5 A and B).
Furthermore, all five expressed Wnt ligands contain the con-
served serine residue required for Porcupine-mediated acylation,
and the surrounding amino acid sequences conform to a con-
sensus sequence recently identified in Porcupine targets (33),
indicating that indeed all five Wnt ligands should require Por-
cupine for their secretion (SI Appendix, Fig. S5C).
The effect of inhibiting Wnt signaling by C59 treatment on
regulatory gene expression in all embryonic domains was detected
by Nanostring nCounter analysis using a probe set targeting 208
genes, including 172 genes encoding transcription factors. Sea ur-
chin embryos were treated with C59 starting at 1 h postfertilization,
and gene-expression levels were determined at 12, 15, 18, 21, and
24 h. Results for a few selected genes expressed in each of the seven
embryonic domains are shown in Fig. 2; the complete data are listed
in SI Appendix, Table S1. A tabular summary of experimental
evidence for Wnt-signaling effects on all specific target genes
addressed in this study can be found in SI Appendix, Table S2. Of
the 172 regulatory genes monitored in this experiment, 147 were
expressed in at least at one stage during the developmental time
interval considered (SI Appendix, Table S1). Treatment with C59
resulted in the down-regulation of 16 regulatory genes; 10 of these
genes are components of endoderm GRNs, and five are compo-
nents of veg1 ectoderm GRNs; the expression domains of gbx at
24 h have not yet been resolved. In addition, expression of nine
regulatory genes was up-regulated in embryos upon exposure to
C59; eight of these genes are known to be expressed in the apical
neurogenic domain, and the expression pattern of acsc is not
known. The effects of C59 treatment on the activity of GRNs
specific to the individual embryonic regulatory-state domains are
summarized in the following sections.
Skeletogenic and veg2 mesodermal GRNs.Regulatory genes expressed
in skeletogenic cells include alx1, pmar1, dri, erg, ets1/2, tbr, tel,
and tgif (1). Expression of these genes is not changed in embryos
exposed to C59, except for tgif, which shows reduced expression
levels at 24 h, when it is expressed in veg2 endoderm as well (SI
Appendix, Table S1). In veg2 mesodermal cells, the specifically
expressed regulatory genes include gcm, gatae, gatac, e2f3, erg,
ese, ets1/2, hex, prox1, scl, shr2, six1/2, and z166 (6). Of these, only
gatae shows reduced expression levels upon C59 treatment, again
at a time when it also is expressed in veg2 endodermal cells.
Expression of no other mesodermal regulatory genes is affected
by C59 (SI Appendix, Table S1), indicating that mesodermal cell
fates do not require Wnt-signaling inputs during pregastrular
development. This finding is in agreement with the absence of
wnt and fzd gene expression in most mesodermal cells after 18 h.
[Note that although oral veg2 mesoderm cells later express frz5/8
(Fig. 1 B and C), expression of the canonical oral mesoderm
regulatory genes prox1, gatac, erg, ese, and scl is impervious to C59].
Veg2 endodermal GRN. By 18 h, the expression of all regulatory
genes of the anterior endoderm GRN that are transcribed ex-
clusively in veg2 endoderm cells at this time, namely, blimp1b,
foxa, hox11/13b, brachyury, and krl/z13 (2, 3), is down-regulated
in embryos treated with C59 (Fig. 2 and SI Appendix, Table S1).
Two additional regulatory genes, myc and soxc, are expressed in
veg2 endoderm cells at 18 h, but their whole-embryo expression
levels are not affected by C59 treatment, possibly because these
genes also are transcribed in cells of nonendodermal fates. Thus,
most, if not all, regulatory genes specifically expressed in veg2
endodermal cells are down-regulated in C59-treated embryos.
This result is consistent with the observed expression of wnt and
fzd genes in these cells up to 18 h. Furthermore, previous cis-
regulatory evidence demonstrated that transcription of most
genes of the early endoderm GRN is controlled by Tcf/β-catenin
(reviewed in ref. 2). However, the initial expression of regulatory
genes in endodermal cells before 15 h is not affected by C59, and
indeed, treating embryos with C59 only after 15 h has an effect
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Fig. 2. Effects of inhibiting Porcupine-dependent Wnt ligand secretion by C59
treatment. Embryos were treated with C59 or DMSO (control) at 1 h post-
fertilization. Transcripts of each gene were measured by Nanostring nCounter
analysis using a probe set detecting expression of 172 regulatory genes at five
successive times (abscissa). Shown are fold differences of transcript abundance in
embryos treated with C59 compared with control embryos. Each diamond rep-
resents one of three experimental repeats, shown in red if down-regulated more
than twofold upon treatment with C59, in blue if up-regulated more than two-
fold, or in green if unchanged. The dotted line indicates a ratio of 1 (experi-
mental/control), and the dashed lines indicate a twofold envelope of significance.
Note that the ordinate scale is log2. Genes expressed at low levels (<100 tran-
scripts per embryo) in treated and/or control embryos are not shown. A repre-
sentative set of genes is shown for each regulatory-state domain. The colored bar
on the right of each column indicates the spatial-expression domain(s) at 24 h. The
color code is as in Fig. 1. Complete results are shown in SI Appendix, Table S1.
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on regulatory gene expression at 24 h similar to the effect seen
with the addition of C59 at 1 h after fertilization (SI Appendix,
Fig. S6A). For comparison, in embryos in which maternal as well
as zygotic accumulation of β-catenin is inhibited by the injection
of mRNA encoding dominant negative cadherin, the expression
of endodermal genes is affected at all time points considered,
starting at 9 h (SI Appendix, Fig. S7). These results indicate that,
because of the presence of maternal β-catenin, secreted Wnt
ligands are not required for regulatory gene expression in en-
dodermal precursor cells before 15 h. A similar observation was
made in mouse embryos, in which the earliest developmental
processes do not require Porcupine-dependent Wnt secretion (28).
Veg1 endodermal GRN.By 15 h, the regulatory gene eve is expressed
throughout the veg1 lineage, and by 21–24 h its product is
responsible for activating the expression of regulatory genes
specific to the future posterior endoderm, including hox11/13b,
brachyury, and hnf1 (3). The expression of all four genes is down-
regulated in embryos treated with C59. Thus, the veg1 endoderm
GRN is activated right at the time (24 h) when all wnt genes and
fzd9/10, but no dkk or sfrp genes, are expressed in the same cells,
and its operation depends on Wnt signaling.
Veg1 ectoderm GRNs. Regulatory gene expression in these veg1
ectodermal cells shows varied effects upon treatment with C59
(Fig. 2 and SI Appendix, Table S1). Thus, expression of several
regulatory genes is affected, as indicated by lower levels of nk1
and unc4.1 transcripts (34). Other transcripts, such as msx, are
present at decreased levels only at a stage when their expression
is restricted to veg1 ectodermal cells; later, when these tran-
scripts also are expressed widely in animal aboral ectoderm cells,
transcript levels are comparable to those in control embryos (SI
Appendix, Fig. S8) (5). These results suggest that veg1 ectoderm
GRNs are at least partially affected by Wnt signaling. However,
the majority of regulatory genes are not exclusive to veg1 ecto-
derm cells, and it is not possible to assess the extent of this
regulatory input by quantitative measurements of gene-expres-
sion levels. The observed effect of C59 on gene expression in
veg1 ectodermal cells is consistent with the presence of Wnt
ligands and Fzd receptors in these cells and with previous reports
of Wnt signaling affecting gene expression in veg1 ectoderm (15).
Animal ectoderm GRNs. Regulatory genes expressed in animal ec-
toderm cells mostly are not affected by C59 perturbation, e.g., foxg,
not, and gsc [oral animal ectoderm (4)], emx [lateral animal ecto-
derm (5)], and hmx, hox7, dlx, and ets4 [aboral animal ectoderm
(35)]. However, the transcription of sp5, which is expressed in veg1
ectoderm and in the oral animal ectoderm domain (SI Appendix,
Fig. S8), is strongly down-regulated at 18 h and up to the onset of
gastrulation by C59 treatment (Fig. 2). Thus, specification of
most animal ectoderm cell fates does not depend on Wnt-sig-
naling inputs, but the expression of one particular transcription
factor appears to be regulated by Wnt signaling in these cells.
Apical ectoderm GRNs. Expression levels of regulatory genes tran-
scribed in cells of the neurogenic apical ectoderm, such as foxq2
(36), foxj1 (37), fez (38), zic (39), hbn, and nk2.1 (40), are up-
regulated in embryos treated with C59 (Fig. 2 and SI Appendix,
Table S1). Earlier observations showed that absence of Wnt
signaling leads to an increase in the expression levels of regula-
tory genes associated with neurogenic fate in adjacent animal
ectoderm cells (16, 36). In embryos exposed to C59 at 1 h
postfertilization, the earliest effect on regulatory gene expres-
sion, on foxq2 and nk2.1, is observed at 15 h. The effects of
adding C59 at 12 h showed effects on apical gene expression
similar to adding this drug at 1 h, whereas C59 treatment after
15 h on showed much weaker effects, and no effects were observed
when C59 was added at 18 h (SI Appendix, Fig. S6B). These results
indicate that the Wnt signal critical for suppression of neurogenic
fate in animal ectoderm cells is secreted after 12 h and before 18 h.
As described above, the neurogenic apical domain expresses no
Wnt-signaling ligand but expresses sfrp1/5, sfrp3/4, dkk1, and dkk3,
which encode potential Wnt-signaling inhibitors. These obser-
vations thus indicate that the neurogenic fate is suppressed by
Wnt signaling and that, in turn, the apical neurogenic GRN
ensures the expression of Wnt-signaling antagonists.
Taken together, these results indicate that the anterior (veg2)
and posterior (veg1) endodermal GRNs are broadly activated by
Wnt signaling in pregastrular embryos and that some regulatory
genes of the veg1 ectoderm GRNs also receive positive Wnt-
signaling inputs. All three domains express only one Fzd receptor
gene, fzd9/10, but express several genes encoding Wnt ligands,
which individually or together could be responsible for the ob-
served effects on regulatory gene expression. In addition, Wnt
signaling appears to antagonize apical neurogenic fate, and the
wnt genes expressed closest to the animal ectoderm are wnt4,
wnt5, and wnt8, expressed in veg1 ectodermal cells. Determining
if these different Wnt ligands execute similar or overlapping
functions and whether they can substitute for one another or
operate in entirely distinct ways requires the perturbation of the
gene expression of individual Wnt ligands.
Wnt Ligands Execute Distinct Functions. To distinguish the func-
tional contribution of each Wnt ligand, we individually perturbed
the expression of the five Wnts that could be responsible for the
effects observed in embryos treated with C59. Embryos were
injected with morpholino antisense oligonucleotides (MASOs)
blocking the translation of Wnt1, Wnt4, Wnt5, Wnt8, or Wnt16,
and gene-expression levels in these embryos compared with
control embryos were analyzed at 24 h for a set of regulatory
genes that represent each of the four embryonic expression
domains affected by C59 treatment.
The results summarized in Fig. 3 demonstrate that each Wnt
ligand affects the expression of a specific set of regulatory genes.
Thus, injection of Wnt1MASO broadly affected the expression
of all endodermal regulatory genes tested and also decreased the
expression levels of some regulatory genes expressed in the veg1
ectoderm (nk1, sp5, and unc4.1), but other examined veg1 ec-
todermal genes and neurogenic apical genes were not affected.
Wnt1 MASO also weakly affected the expression of all other wnt
genes (Fig. 3). Embryos treated with Wnt4 MASO exhibited
marginally decreased expression levels of unc4.1, hox7, and msx
in veg1 ectodermal cells, but Wnt4 MASO had no effect on
genes expressed in either the endoderm or the apical neurogenic
plate. Injection of Wnt5 MASO did not result in any changes in
regulatory gene expression except for an up-regulation of wnt5
transcripts. In embryos injected with Wnt8 MASO, transcript
levels of all neurogenic apical genes were increased, but genes
expressed in endoderm and veg1 ectoderm were not affected.
Wnt16 MASO selectively decreased the transcript levels of
blimp1b, eve, and hox11/13b in the veg2 and veg1 endoderm
domains but did not affect genes specific to the neurogenic
apical plate and veg1 ectodermal cells.
Taken together, these results indicate that four of the five Wnt
ligands indeed execute specific functions in the regulation of
transcription factor gene expression that cannot be performed by
other Wnt ligands, despite the largely overlapping expression of
all five wnt genes. Taken together, the effects of perturbing the
expression of individual Wnts largely correspond to the effects
observed in C59-treated embryos. Thus, the expression of every
gene tested here that was affected by C59 treatment also was
affected by the perturbation of at least one Wnt ligand. Similarly,
each embryonic regulatory-state domain in which C59 treatment
was observed to have altered gene expression also was affected
by at least one of the Wnt ligands expressed at these de-
velopmental stages, as summarized in the following sections.
Veg2 endoderm. By 18 h, the expression of blimp1b, foxa, hox11/13b,
and brachyury in the veg2 endoderm is affected by C59 treatment.
The responsibleWnts could beWnt4 andWnt5, which are expressed
in these cells up to 18 h; Wnt8, which is produced in these cells
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from 12–15 h; or Wnt1 and Wnt16, which are expressed in the
adjacent veg2 mesodermal cells at 18 h and in veg2 endodermal
cells at 21 h. Wnt4, Wnt5, and Wnt8 morpholinos do affect gene
expression in veg2 endoderm cells. However, Wnt1 and Wnt16
signaling clearly is required to activate gene expression in these cells
by short-range signaling. Injection of Wnt1 MASO results in lower
expression of all tested regulatory genes (blimp1b, foxa, and gatae)
expressed in veg2 endoderm cells at 24 h. The expression of blimp1b
also is affected by Wnt16 MASO, indicating that this gene requires
both Wnt-signaling inputs for normal expression.
Veg1 endoderm. Cells of the future posterior endoderm express
fzd9/10 between 12 and 24 h, wnt4, wnt5, and wnt8 from 18–24 h,
and wnt1 and wnt16 at 24 h. In addition, Wnt signaling may occur
from the adjacent veg2 endoderm cells, which transcribe wnt ligand
genes between 12 and 21 h, as discussed just above. In C59-treated
embryos, expression of eve in veg1 endoderm precursor cells is
reduced after 15 h. As in the veg2 endoderm GRN, gene ex-
pression in veg1 endoderm cells is not affected by morpholinos
targeting Wnt4, Wnt5, or Wnt8 expression but depends on Wnt1
and Wnt16 signaling. Again, injection of Wnt1MASO shows the
broadest effect, reducing expression levels of brachyury, hox11/13b,
hnf1, and eve, whereas injection of Wnt16 MASO decreased the
expression levels of only hox11/13b and eve. Interestingly, Wnt1
and Wnt16 not only execute overlapping functions in the two
endodermal GRNs but also are expressed in very similar patterns
that are consistent with these functions. At 18 h, when the ex-
pression of foxa and blimp1b is restricted to veg2 endoderm, wnt1
and wnt16 expression is detected exclusively in the adjacent veg2
mesoderm. By 21 h, however, wnt1 and wnt16 transcripts are
detected in anterior (veg2) endoderm cells for a brief period, and
at this time point the expression of their target genes hox11/13b,
brachyury, and hnf1 is induced in the adjacent veg1 posterior
endoderm cells. Thus, when expressed in anterior endoderm,
Wnt1 and Wnt16 again function as short-range signaling ligands,
now activating expression of posterior endoderm regulatory
genes in adjacent veg1 cells.
Veg1 ectoderm. Expression of regulatory genes such as nk1 and
unc4.1 in veg1 ectodermal cells is weakly affected by C59 treat-
ment from 18 h on. Wnt4, wnt5, and wnt8 are expressed in the
veg1 lineage from 18 h on, and fzd9/10 is expressed in these cells
at all stages considered. In addition, by 24 h, wnt1 and wnt16 are
expressed in the neighboring veg1 endoderm domain. Injection
of embryos with Wnt-specific morpholinos revealed that only
Wnt1 and Wnt4 affect gene expression in veg1 ectoderm cells;
morpholinos against Wnt5, Wnt8, and Wnt16 showed no effect
by 24 h (Fig. 3). Wnt1 and Wnt4 signaling in the veg1 ectoderm
domain therefore occurs by short-range and perhaps also by
intradomain signaling. Embryos injected with Wnt1 MASO
showed reduced expression levels of nk1, unc4.1, and sp5,
whereas Wnt4MASO affected the expression of hox7 and msx
genes. Thus, as in the endodermal GRNs, two Wnt ligands
regulate gene expression in the veg1 ectoderm, but in this
domain they affect separate sets of regulatory genes. These
results differ from those obtained in another sea urchin species,
Lytechinus variegatus, in which Wnt5 was shown to activate reg-
ulatory genes, including irxa and nk1, in the veg1 ectoderm do-
main (15). However, in S. purpuratus, when Wnt5 expression was
knocked down using two separate morpholinos, no change in
ectodermal gene-expression levels was observed except for an
increase in wnt5 transcripts. This result implies that Wnt5 sig-
naling is not required in this domain, although it might function
redundantly together with other Wnts. In the S. purpuratus em-
bryo, Wnt4 regulates the expression of nk1, but irxa expression
was not affected by the perturbation of any individual Wnt sig-
nal, even though its expression is moderately affected by C59
treatment at 18 h. This interspecies difference thus could reflect
a relatively recent change in the identity of the Wnt ligand used
for activation of regulatory genes in the veg1 ectoderm GRNs.
Apical ectoderm. The earliest increase in expression of regulatory
genes specific to the apical neurogenic fate upon C59 treatment
was observed at 15 h. Because no Wnt ligand is expressed in the
animal half, the Wnt signal responsible for this effect must derive
from the vegetal half of the embryo. The vegetal cells closest to the
animal ectoderm, the veg1-lineage cells, express wnt4, wnt5, and
wnt8 from 18 h on, and before that, at 12–15 h, these same genes
are expressed in the veg2 lineage. Injection of Wnt8 MASO at
fertilization results in elevated expression levels of all apical reg-
ulatory genes tested. This result is consistent with a previous report
on the function of Wnt8 in restricting the expression of genes as-
sociated with the neurogenic apical fate (16). Our results show that
blocking the expression of Wnt1, Wnt4, Wnt5, or Wnt16 had no
effect on the expression of apical-specific genes.Wnt8 is the earliest
and most abundantly transcribed wnt gene, and at 12–15 h, when
the embryo consists of only a little over a hundred cells, there are
still only few cells separating Wnt8-expressing vegetal cells and the
cells in which expression of neurogenic apical regulatory genes is to
be prevented. Thus, in summary, these experiments revealed
that the Wnt-signaling function responsible for limiting the
apical neurogenic domain is executed solely by Wnt8 and is a
very early process, probably operating in late cleavage.
Wnt-Dependent Spatial-Patterning Functions. To assess the con-
sequences Wnt signaling on embryonic patterning of regional
regulatory states, we studied the spatial disposition of gene-
expression domains in embryos in which Wnt signaling is
inhibited. As an initial assessment, embryos treated with C59
from 1–24 h were fixed at 24 h and stained by whole-mount in
situ hybridization (WMISH) with eight probes against regulatory
genes specific for different expression domains throughout the
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Fig. 3. Morpholino perturbation of individual Wnt ligands and effects on
regulatory gene expression. Embryos were injected with morpholinos target-
ing the expression of Wnt1, Wnt4, Wnt5, Wnt8, or Wnt16 or with randomized
control morpholinos. Expression levels of regulatory genes in morpholino-
injected embryos were analyzed by qPCR at 24 h, except for three genes that
were analyzed at earlier developmental stages: hox7 (21 h) and irxa and msx
(18 h). The genes selected for this analysis are those demonstrated to respond
to C59 treatment (see text). Shown are ratios (log2) of expression levels inWnt-
specific morpholino-injected embryos to expression levels in control morpho-
lino-injected embryos. Symbols and color coding are as in Fig. 2.
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embryo (SI Appendix, Fig. S9A). Compared with control em-
bryos, the expression domains of alx1 in the skeletogenic me-
soderm cells and of delta in the veg2 mesodermal cells are not
affected by C59. However, expression of foxa, marking veg2
endoderm cells, is restricted to fewer cells in C59-treated em-
bryos than in control embryos. The boundary usually separating
veg2 endoderm (foxa) and veg1 endoderm (hox11/13b) fate
appears to have shifted to the vegetal pole, and the expression of
hox11/13b at least partially overlaps that of foxa in embryos
treated with C59. Similarly, most gene-expression boundaries are
shifted toward the vegetal pole, including the boundaries of the
foxq2 expression domain at the animal pole.
To determine which Wnt signal is responsible for the vegetal
shift of most expression domains (except for the mesodermal
domains), we tested the spatial expression of these genes in em-
bryos injected with Wnt morpholinos. The results, as summarized
in SI Appendix, Fig. S10 (for data see SI Appendix, Fig. S9B), in-
dicate not only that interfering with the expression of Wnt1
decreases the expression levels of foxa, hox11/13b, and eve but also
that these genes are expressed in fewer cells and that these cells are
located closer to the vegetal pole than in control embryos. The
vegetal boundaries of gene expression of lim1 (veg1 ectoderm) and
particularly that of emx (animal ectoderm) also are shifted toward
the vegetal pole in Wnt1MASO-injected embryos, as is consistent
with the previous observation that emx expression in veg1 cells is
repressed downstream of Eve (5). However, Wnt1 MASO does not
affect the boundary between emx and foxq2 expression domains.
The effects seen with Wnt16MASO are similar but weaker.
Embryos injected with morpholinos blocking either Wnt4 or
Wnt5 expression do not appear to affect the patterning of the
gene-expression domains assessed here. In embryos injected with
Wnt8MASO, on the other hand, only the boundary between emx
and foxq2 expression domains, which were shown to repress each
other (5), is shifted vegetally, leading to an expansion of the
apical neurogenic domain and confirming that the up-regulation
of foxq2 expression levels in Wnt8MASO-injected embryos is
caused by the de-repression of apical regulatory genes within
animal ectoderm cells. This result leads to the prediction that
Wn8 activates the expression of an early-acting repressor of
foxq2 in the animal ectoderm. The observation that Wnt8 sig-
naling is required for cell-fate decisions in the animal ectoderm
is consistent with the expression of fzd1/2/7 in all cells of this
domain between 12 and 18 h, the time when Wnt-signaling input
is required to repress apical cell fates (SI Appendix, Fig. S6B),
and by the absence of potential Wnt-signaling antagonists that
could interfere with Wnt8 signaling. The boundaries between
gene-expression domains within the vegetal half of the embryo
are not affected by Wnt8 signaling. These results indicate that
gene-expression patterning occurs independently in the veg-
etal and animal half of the sea urchin embryo.
Control ofwnt Gene Expression by Cell-Fate Specification GRNs.Even
though the early expression of wnt genes occurs in dynamic
spatial patterns, all five wnt genes are expressed in the veg1
endoderm by 24 h, and some also are expressed in the veg1 ec-
toderm (Fig. 1C). This finding raises the question of how the
transcription of these genes is regulated by the cell-fate specific
GRNs operating in these cells. Moreover, we would like to know
if the regulatory mechanisms that control their expression are
similar, given the overlapping expression patterns of wnt4, wnt5,
and wnt8, as well as of wnt1 and wnt16, throughout early sea
urchin development (Fig. 1C; for a direct comparison of the
expression patterns of wnt genes and relevant regulatory genes,
see SI Appendix, Fig. S11). The earliest specification of the veg1
cell lineage, the precursor of veg1 endoderm and veg1 ectoderm,
is controlled by eve, a regulatory gene exclusively expressed in
veg1 cells by 15 h (2). Eve contributes to the activation of hox11/13b
in veg1 endoderm, which is the earliest regulatory gene operating in
the GRN underlying the specification of posterior endoderm fate
(3). Perturbation of the pan-veg1 transcription factor Eve by in-
jection of Eve MASO resulted in decreased expression of wnt1,
wnt4, wnt5, and wnt16, as is consistent with their expression in veg1
cells, although expression of wnt8 in these same cells was not af-
fected (SI Appendix, Fig. S12). However, blocking the expression of
the endoderm-specific Hox11/13b transcription factor with mor-
pholinos affects only the transcription of wnt1 and wnt16, but
not that of the other wnt genes, as might be expected from the
exclusive expression of wnt1 and wnt16 in veg1 endodermal
cells at 24 h (SI Appendix, Fig. S12). Blocking the expression of
other endodermal regulatory factors—FoxA, Blimp1b, Brachyury,
or GataE—did not affect the expression of the five wnt genes
(SI Appendix, Fig. S13). Thus, the expression of wnt1 and
wnt16 probably is regulated directly by both Hox11/13b and
Eve, and the transcription of wnt4 and wnt5 is activated down-
stream of Eve but is independent of Hox11/13b. Late Wnt8 ex-
pression is controlled by a separate mechanism, which recently
was shown to involve the pan-ectodermal regulator SoxB1 (5).
Thus, in all three cases, e.g., [wnt1 + wnt 16], [wnt4 + wnt5],
and [wnt8], the wnt genes are wired into the GRNs they control.
The GRN circuitry, which is summarized in Fig. 4, explains
the spatial and temporal expression pattern of wnt genes and
indicates a remarkable relationship between the transcriptional
control of wnt genes and their downstream functions. For in-
stance, eve expression is specific to all cells of the veg1 lineage
from 15 h on, and the expression of wnt4 and wnt5 in these same
cells, under the control of Eve, is first observed shortly after that
time point, at 18 h, and continues to 24 h. In turn, Wnt4 activates
gene expression in veg1 ectodermal cells, where Eve continues to
be expressed. Thus Eve plays a dual role in the specification of
veg1 ectoderm: It directly represses genes of the animal ecto-
derm in these cells, and it activates the expression of wnt4 in veg1
endoderm and veg1 ectoderm, leading to the activation of genes
of the veg1 ectodermal GRN.
In veg1 endoderm cells, expression of hox11/13b initiates at
21–24 h under the control of Eve, and transcription of wnt1 and
wnt16, activated by Hox11/13b, starts at 24 h. Their expression
is not observed in veg1 ectoderm, where Hox11/13b is not
expressed, although eve is. Because signaling by Wnt1 and Wnt16
also affects the expression of hox11/13b and eve, these results
indicate that expression of Hox11/13b, a crucial upstream tran-
scription factor in the posterior endoderm GRN, is controlled by
a positive feedback circuit between wnt1, wnt16, and hox11/13b,
thus ensuring specification of the posterior endoderm cell fate
(Fig. 4). Curiously, this circuit also might be responsible for the
expression of wnt1, wnt16, and hox11/13b at earlier time points.
At 18 h, when hox11/13b expression becomes sensitive to Wnt
signaling according to the C59 experiments, hox11/13b is tran-
scribed specifically in veg2 endoderm, and wnt1 and wnt16 are
transcribed in adjacent veg2 mesoderm. By 21 h, wnt1 and wnt16
are expressed in veg2 endoderm, controlled by Hox11/13b, and
the transcription of hox11/13b is activated in adjacent veg1 en-
doderm cells. By 24 h, the expression of all three genes has
terminated in veg2 endoderm by a mechanism involving the
auto-repression of Hox11/13b (3), and the entire positive feed-
back circuit is operative exclusively in veg1 endoderm cells. Thus,
the sequence begins as an inductive relay, in which veg2 meso-
derm Wnt1 and Wnt16 first activate the hox11/13b gene in veg2
endoderm, and then veg2 endoderm Hox11/13b activates the
wnt1 and wnt16 genes in veg2 endoderm, whereupon Wnt1 and
Wnt16 activate the hox11/13b gene in Veg1 endoderm. In veg1
endoderm their mutual positive feedback locks in the circuit.
The existence of a signaling interaction between the veg2 en-
doderm GRN and the veg1 endoderm GRN, which is responsible
for activating hox11/13b transcription in veg1 endoderm cells
after 21 h, was predicted earlier (3). Here we identify this signal
to be both wnt1 and wnt16, which are expressed in veg2 endoderm
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cells at 21 h under the control of Hox11/13b and which are re-
quired for hox11/13b transcription in the adjacent veg1 endo-
derm domain, thus fulfilling all criteria for the predicted signal.
Finally, the expression of wnt8 in the veg1 endoderm and veg1
ectoderm domains is regulated differently from that of wnt4 and
wnt5, even though these three genes show the same expression
pattern. By 24 h, wnt8 expression is activated by SoxB1, a tran-
scription factor that is present throughout the animal half of the
embryo as well as in the veg1 lineage and that functions as an
activator of many ectodermal regulatory genes (5, 41). SoxB1
thus activates the specification GRNs in animal ectoderm cells
and controls the expression of the signaling ligand that is re-
quired to exclude an alternative fate in these cells.
Thus, in summary, even though all five wnt genes are expressed
in veg1 endoderm, only wnt1 and wnt16, which affect the activity of
the endoderm GRN, are also controlled by the endoderm GRN
regulator Hox11/13b (see network in Fig. 4). Conversely, the wnt
genes that affect the activity of the veg1 ectoderm GRN (wnt4
and perhaps wnt5) are independent of Hox11/13b expression and
instead are controlled by the veg1 regulator Eve. wnt8, which
causes the expression of a repressor of apical neurogenic genes
in the animal ectoderm, is activated by the animal ectoderm
factor SoxB1.
Discussion
We show here the results of a system-wide analysis of the func-
tions of Wnt signaling in the regulation of the cell-fate specification
GRNs operating across the entire sea urchin embryo during
pregastrular development. Our approach was to analyze in every
regulatory-state domain of this embryo the spatial expression of
all genes involved in intercellular Wnt signaling, encoding Wnt
ligands, Frizzled receptors, and possible antagonists such as Sfrp
and Dkk proteins. We addressed the overall function of Wnt sig-
naling in developmental GRNs during the first 24 h of embryo-
genesis by using the C59 Porcupine inhibitor, which interferes
globally with the secretion of Wnt-signaling ligands. This pertur-
bation affects the expression of specific regulatory genes that in the
GRNs lie downstream of Wnt signal inputs. The contribution of
each Wnt-signaling ligand to the regulation of expression of the
genes affected by C59 treatment was analyzed further by in-
dividually blocking the expression of each Wnt ligand by the in-
jection of antisense morpholinos. Our results lead to overall
conclusions regarding the functions of the Wnt-signaling system in
an entire embryo and how these functions are mediated by the
linkages between the Wnt-signaling system and the GRNs con-
trolling the developmental process. This study traverses a large-
scale developmental process during which diverse regulatory-state
domains are established throughout the embryo.
Specific Functions of Wnt Signaling in the Embryonic GRNs.Only 5 of
the 11 Wnt ligands encoded in the S. purpuratus genome are
expressed during pregastrular development. Their spatial ex-
pression, even though dynamically changing, is confined at all
times to at most two adjacent gene-expression domains. The
remainder of the embryo expresses no wnt genes. The spatial
expression of Frizzled receptors occurs in broad contiguous
domains. After 18 h, all cells express no more than one Frizzled
receptor, and most cells of mesodermal fate express none. The
system-level analysis of Wnt ligand and receptor expression
patterns yields revealing insights into the functions of Wnt sig-
naling in the whole process of early sea urchin development. For
example, we see that the Wnt-signaling system can have nothing
Fig. 4. Model of regulatory interactions between wnt genes and domain-specific GRNs. This diagram summarizes the regulatory interactions between wnt
genes and the regulatory genes composing the cell-fate specification GRNs operating in embryonic regulatory-state domains and the regulatory inputs from
maternal β-catenin. The GRNs shown omit known input and output linkages at most regulatory genes, as indicated by asterisks at the gene name. The time
windows during which Wnt-signaling inputs are active are indicated below the regulatory linkages.
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to do with specification of most mesodermal fates, because, ex-
cept for the oral mesoderm after 21 h, no mesodermal cells ex-
press Wnt-signaling receptors. This prediction is confirmed in
the C59 experiment in which no effects on mesodermal gene
expression were recorded in the face of global knockdown of
zygotic Wnt signaling. Although Wnt signaling plays important
roles in endoderm specification, as shown by the C59 and Wnt
morpholino experiments, the expression patterns indicate that
after about 21 h this role must be restricted to the posterior
endoderm, because transcripts of wnt ligands and receptors
cease to be detectable in the anterior endoderm by this time, and
the expression of the potential antagonists sfrp3/4 and dkk1 is
activated. On the other hand, these expression patterns imply the
importance of Wnt signaling in the posterior endoderm, where
all five wnt ligands are expressed at 24 h and where fzd9/10
continues to be expressed at all times considered. The same
arguments also apply to the veg1 ectoderm, where the expression
of Wnt ligands and receptors but of no antagonists is consistent
with the observed Wnt-signaling function. In the animal ecto-
derm the presence of a receptor marks the potential to receive
Wnt signals, although the absence of Wnt ligand expression
precludes these domains as sources of Wnt signaling. Indeed,
these cells receive Wnt8 signaling inputs from more vegetally
located cells, leading to the exclusion of apical neurogenic fate,
but Wnt signaling is not required for activation of ectodermal
GRNs. Finally, the apical neurogenic domain does not express
Wnt ligands but does express a Wnt receptor and also several
antagonists that protect it from Wnt8 signaling. When viewed in
detail at a system level, the expression patterns thus confer
a remarkably accurate set of predictions that illuminate which
domains of the embryo engage in Wnt signaling.
In the sea urchin embryo the key important function of Wnt
signaling in this developmental phase consists of their impact on
the endodermal GRNs, because the expression of a majority of
regulatory genes in these networks is activated by Wnt signaling
(2, 3). However, contrary to previous assumption, the earliest
Tcf-dependent expression of endodermal regulatory genes and
also the initiation of the skeletogenic GRN do not depend onWnt
ligand signaling but are mediated by the presence of maternal
β-catenin which ab initio is localized specifically in cells of the
skeletogenic and veg2 lineages (17). Thus, despite the early ex-
pression of wnt genes starting at 7 h in this embryo and the
presence of maternal Fzd1/2/7, Wnt signaling is not required for
early gene expression, because the earliest effects upon treatment
with the Porcupine inhibitor C59 are observed only at 15–18 h.
This finding is a strong conclusion which depends on our and
other’s evidence that C59 is highly efficient in blocking an essential
step in Wnt signaling. In this work a convincing argument is that
the sum total of individual Wnt morpholino effects equals the
effect of C59 treatment, as we show for every domain affected by
this perturbation. Outside the endodermal GRNs, only a few
regulatory genes expressed in veg1 ectoderm cells require activa-
tion by Wnt signaling. In animal ectoderm cells, Wnt signaling is
additionally required to repress activation of the apical neurogenic
GRN, but this function probably is also confined to activation of
a yet unknown early repressor of apical gene transcription. The
specification of all mesodermal cell fates and of all apical cell fates
occurs independently of Wnt signaling in this embryo during
pregastrular development. Thus, a comprehensive view of Wnt-
signaling system function reveals only a small set of target genes,
and these belong to precisely confined GRNs of the embryo.
Where the Wnt-signaling system does impact the embryonic
GRNs, it does so by the use of characteristic circuitry affecting
many nodes of the GRN, in which cross-regulatory interactions
ensure continued expression of the active Wnt ligands.
Our results indicate that in this embryo, and at the stages
we consider here, Wnt signaling functions by short-range in-
tercellular interactions. Thus, each Wnt ligand affects gene
expression either in cells of the same domain, where it is also
expressed, or in cells of an immediately adjacent domain. Exam-
ples of the latter, which constitute short-range inductive signaling
effects, are, as shown in Fig. 4, the response of veg2 endoderm to
Wnt signals emitted by the veg2 mesoderm (Wnt1 and Wnt16),
the response of veg1 endoderm to Wnt signals emitted by veg2
endoderm (Wnt1 and Wnt16), and the response of veg1 ecto-
derm to signals emitted by veg1 endoderm (Wnt1). In every case
in which Wnt-signaling ligands affect an adjacent domain, this
domain is located on the animal side of the domain of Wnt li-
gand expression. The mechanism underlying this vegetal-to-animal
polarity is enigmatic. The polarity clearly is not caused by a lay-
ered or oriented expression of diverse Frizzled receptors, be-
cause their spatially simple patterns of expression excludes this
possibility. A remarkable aspect of Wnt signaling revealed in this
study is that it repeatedly functions in an intradomanic manner,
so that cells within a given regulatory-state domain both receive
and emit the Wnt signal. This feature corresponds to the output
of community-effect circuitry, which in the cases examined relies
on regulation of the signaling ligand gene by the signal trans-
duction system that it activates in responding cells (42). The
import of this circuitry is to ensure the homogeneity of regula-
tory states among cells of a given domain by establishing a posi-
tive intercellular feedback throughout the domain. In this work
we find intradomain community-effect signaling specifically in
the veg1 endodermal domain, where the feedback consists of
the activation of wnt1 and wnt16 by Hox11/13b, and Wnt1 and
Wnt16 in turn activate hox11/13b (via Tcf/β-catenin input) (Fig.
4). Similarly, wnt4 is expressed within the veg1 ectoderm and
also activates gene expression within this domain.
Remarkably, the control of expression of all five relevant wnt
genes is tightly correlated with their respective functions. Thus, the
wnt genes that operate in the endodermal GRNs also are tran-
scribed under the control of endodermal regulators. Similarly,
Wnt8, which operates on the animal ectoderm GRN, is tran-
scriptionally controlled by an animal ectoderm regulator. The wnt
genes that operate in the veg1 GRNs are controlled by Eve, which
regulates gene expression in Veg1 ectoderm. Partly, this pattern
would follow de facto from the participation of these ligands in
intradomain signaling, but intradomain signaling cannot be the
complete explanation, because some of the relevant signaling is
inductive. What emerges is that particular regulatory cassettes link
transcriptional control of Wnt signaling to the cell-fate specifica-
tion GRNs they regulate. The implication of this circuitry is that
the temporal coexpression of the Wnt-signaling ligands and their
target genes, as well as the spatial proximity of signal-sending and
signal-receiving domains, is ensured by the common control of wnt
genes and their target regulatory genes by the same cell fate-
specific transcriptional regulators.
The Specificity Conundrum in the Wnt-Signaling System. An impor-
tant question is how specificity of Wnt signaling is mediated, and
this issue is a general one, given the multiplicity of wnt and fzd
genes encoded in all animal genomes. Although our study was
not particularly designed to address this question, our results
may hint at the basic design principle of this signaling system.
Most important, in the context of GRN analysis, is the question
of howWnt signaling in different embryonic domains or different
developmental phases leads to the regulation of specific, differ-
ent sets of target genes. At the cis-regulatory level, the causal
explanation for which genes are expressed in response to Wnt
signaling must rely on combinatoriality in the regulation of gene
transcription. Tcf, the transcription factor activated by Wnt sig-
naling, always operates together with other transcription factors,
some of which are expressed exclusively in cells of a given fate
at a particular developmental time. We see here, as specific
examples, that most regulatory genes activated in endodermal
precursor cells by Wnt1 signaling also are activated by Hox11/13b,
Cui et al. PNAS | Published online November 10, 2014 | E5037
D
EV
EL
O
PM
EN
TA
L
BI
O
LO
G
Y
PN
A
S
PL
U
S
whereas Wnt1 signaling in veg1 ectoderm leads to expression of
nk1, which also is a target gene of Not and Lim1 transcription
factors expressed in these cells. Thus, the impact of Wnt sig-
naling on gene expression in cells of different fates causally
depends on the regulatory state in the signal-receiving cells. Note
here that all gene-expression domains regulated by Wnt1 sig-
naling express the same Frizzled receptor, Fzd9/10, and there-
fore, for the early sea urchin embryo, we can exclude the idea
that the difference in target gene sets depends on the utilization
of diverse Fzd receptors.
An additional level of specificity must be invoked to account
for the selective interaction of given Wnt ligands with given
domains. For example, all five Wnt ligands are expressed in veg1
endoderm cells, but only Wnt1 and Wnt16 are required for GRN
function in this domain. Similarly, Wnt4 affects veg1 ectoderm
cells, but Wnt16 and Wnt8 do not. In each of these domains
specific Wnt ligands are required for signaling response, and that
domain is blind to the presence of the other Wnt ligands.
Moreover, veg1 endoderm and veg1 ectoderm respond to dif-
ferent Wnt ligands, despite the expression of the same receptor,
Fzd9/10. This difference in response points directly at a Wnt li-
gand recognition function in addition to the Fzd9/10 receptor
present on these cells. An explanation could be the differential
expression in the diverse embryonic domains of Wnt coreceptors
such as the LDL receptor-related protein family in these cells
(for review see ref. 43).
Materials and Methods
The methods used in this work are provided in SI Appendix, Supplemental
Materials and Methods. There we briefly detail procedures for gene cloning
and WMISH; C59 treatments; mRNA and morpholino injection and RNA
preparation; and quantitative measurements of transcript prevalence by
qPCR and Nanostring Ncounter analysis.
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